Introduction
Mankind has experienced profound lifestyle changes during the past decades, changes such as high consumption of foods rich in sugars, fat and salt in combination with low physical activity, leading to increased rates of obesity. Obesity increases risk of type 2 diabetes, hypertension and cardiovascular diseases (CVD) (Malnick and Knobler, 2006) . Adipose tissue (AT) functions as an endocrine organ that releases bioactive molecules known as adipokines (Lago et al., 2009) . Despite the fact that excess of AT in obesity is generally viewed as harmful to individual's health, an adequate amount of AT and physiological levels of adipokines contribute to normal whole-body metabolic homeostasis (Lago et al., 2009) . In obesity, the balance between cardioprotective and proinflammatory adipokines shifts towards pro-inflammatory ones, most of which are risk factors for CVD (Coles, 2016) .
Nearly 40% of the U.S. adult population performs less than 10 min·per week of continuous physical activity (Carlson et al., 2015) . These statistics contrast sharply with the American Heart Association recommendation of at least 150 min per week of moderate-intensity activity (Eckel et al., 2014) to improve healthy life span and prevent chronic diseases such as CVD and type 2 diabetes (Allender et al., 2007) . Moreover, inactivity is related to increased central adiposity, oxidative stress, endothelial dysfunction and increased atherosclerotic lesion size in both humans (Hamburg et al., 2007) and animal models (Laufs et al., 2005; Pedersen, 2009) . Similarly, exercise improves mood, endothelial function and arteriogenesis in the myocardium, lowers blood pressure and normalizes fat mass and inflammatory markers (Lee et al., 2005; Piepoli et al., 2010; McDowell et al., 2016) . Recent research has shown that skeletal muscle (SKM) exhibits an endocrine function similar to that of AT (Pedersen and Febbraio, 2008) . A contracting muscle releases soluble molecules, called myokines, which partly explain how muscles interact with other organs. Muscle activity increases laminar shear stress in the vascular system, which is a mechanical-biological stimulus for the expression of anti-thrombotic, anti-atherogenic and vasodilator signals from the vasculature (Zhang and Friedman, 2012) . Furthermore, exercise can directly modulate adipocyte physiology. Physical activity stimulates the CNS and, through noradrenalin and adrenalin, increases thermogenic activity within adipocytes by inducing mitochondrial biogenesis and uncoupling (Sutherland et al. 2009 ). In parallel, exercise ameliorates inflammation within AT by interacting with the immune cells inside AT.
Among AT depots, the perivascular adipose tissue (PVAT) displays a unique physiological role, that is, paracrine regulation of vascular function (Yudkin et al., 2005) . PVAT carries an anti-contractile property that influences arteriolar responses to agonists such as insulin, thereby contributing to the regulation of blood flow, nutrient uptake and tissue homeostasis (Meijer et al., 2011) . On the other hand, PVAT is susceptible to inflammation, and in obesity, infiltration of immune cells into the PVAT is aggravated (Greenstein et al., 2009; Kranendonk et al., 2015) . Alterations in the properties of PVAT have been linked to insulin resistance (Rittig et al., 2008) , hypertension and impaired myocardial perfusion (Reifenberger et al., 2007) .
In this review, we will cover the effects of exercise on PVAT metabolism, structure and functional phenotype, exploring central and local influences of muscle activity, and their consequences for vascular function. Firstly, we will discuss whole-body alterations in AT and the mechanisms causing its dysfunction. Secondly, effects of exercise on PVAT and its inflammation will be highlighted. Finally, we will describe how new myokines such as FGF21, irisin and IL-15 may affect AT. Systemic adipose tissue dysfunction in obesity
Tables of Links
In obesity, an increased fat mass is accompanied by alterations in the cellular composition and physiology of AT. Anatomical changes (i.e. AT hypertrophy and distribution), inflammation and dysregulated adipokine secretion characterize a dysfunctional adipose organ, which contributes to cardiovascular pathology (Fuster et al., 2016) . In obesity, the interplay between adipocytes and components of the immune system changes. Immune cells secrete cytokines that enhance AT inflammation, and at the same time, adipocytes express classical macrophage features (Kopp et al., 2009) . As AT expansion occurs, macrophages, mast cells, B cells and T-cell populations increase considerably (Huh et al., 2014) . Macrophages comprise the largest population of immune cells within white adipose tissues (WAT) (i.e. subcutaneous, visceral and perivascular), and a hallmark of its dysfunction is the infiltration of pro-inflammatory M1-macrophages. This phenomenon has been observed in both humans (Kranendonk et al., 2015) and rodents (Kawanishi et al., 2013) . Canonical ATs such as visceral (i.e. omental and mesenteric) and subcutaneous AT of obese humans present similar crown-like structures (CLS), which consist of organized macrophage structures around necrotic adipocytes (Bigornia et al., 2012) . The macrophage number differs between these depots and visceral and PVAT display distinct abnormalities in inflammation and morphology (Kranendonk et al., 2015) .
In parallel, T-cell populations shift from a predominantly anti-inflammatory Treg and Th2 population to proinflammatory CD4 + Th1, Th17 and CD8 + cells (Travers et al., 2015) . As a consequence, there is an increased secretion of the inflammatory adipokines TNF-α and WNT5a and a reduction of anti-inflammatory adipokines such as secreted frizzled-related protein 5 , adiponectin (Samaras et al., 2010) and Th2 cytokines (IL-4, IL-13 and IL-10) (Feuerer et al., 2009 ). These phenomena have been observed in gonadal and visceral fat of high-fat diet (HFD)-fed mice and in subcutaneous (Feuerer et al., 2009; Zeyda et al., 2011) and visceral AT of obese humans (Zeyda et al., 2011) .
Other immune cells such as mast cells, NK-cells and B-cells also participate in this pro-inflammatory phenotype by reducing the Th2 cytokines IL-4 and IL-13, increasing release of IFN-γ and labelling necrotic adipocytes for macrophage phagocytosis (Huh et al., 2014) . Subsequently, the elevated inflammatory activity features activation of IKKβ/NFκB and JNK pathways, which are known to be related to insulin resistance (Zeyda et al., 2011) (Figures 1 and 2 ).
Figure 1
Central and paracrine control of the PVAT by exercise. Juxtaposition of PVAT, nerves CNS, SKM and microvessels in a transverse section of the mouse hindlimb and mechanisms of interaction with AT. First, central effects of exercise are exerted through noradrenaline from sympathetic nerve fibres, with subsequent beiging and vasodilator function of PVAT. Second, muscle activity regulates (perivascular) AT function through myokines such as FGF-21, metrnl, irisin, IL-15, IL-6, acting in a paracrine fashion to antagonize dysfunction of AT (i.e. inflammation and dysregulated secretion of adipokines).
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Although it is not known whether inflamed macrophages cause AT hyperplasia, they do release cytokines responsible for altering the secretion of adipokines (Lumeng et al., 2007) . In addition, AT expansion requires an extensive vascular network (Sun et al., 2011) , and during pathological expansion, angiogenesis does not match expansion requirements (Nishimura et al., 2007; Daquinag et al., 2011) . In monocytes of HIF-1α-deficient mice, the inflammatory marker genes IL-6, F4/80, Cd11c, Il-1b and Nos2 and hypoxia-related genes such as Vegfa and Glut 1 are markedly reduced. In epidydimal fat, metabolic genes such as adiponectin, Pparg and Pgcta are increased in these mice (Takikawa et al., 2016) . In further studies, vascularization was also increased in eWAT of these KO-mice, with higher expression of the endothelial cell markers, Cd31 and VE-cad and the pericyte marker Cspg4. Collectively, these data suggest that hypoxia-induced HIF-1α contributes to the pathological expansion of AT (Takikawa et al., 2016) .
In summary, communication between adipocytes and immune system cells increases low-grade inflammation of AT, coinciding with morphological alterations, which culminates in altered AT physiological function.
PVAT and the control of vascular tone
The PVAT resides alongside large and small vessels, exerting anti-contractile effects on conduit and resistance arteries, which are vital for maintenance of normal arterial vascular tone (Yudkin et al., 2005; Meijer et al., 2016) . It may have a regulatory effect on metabolism , insulin sensitivity (Meijer et al., 2013) and inflammatory responses (Greenstein et al., 2009 ) via local release of hormones, cytokines and reactive oxygen and nitrogen species. These effects are reported to be endothelium-dependent, via release of NO and alternatively through hydrogen peroxide (Gao et al., 2007; Malinowski et al., 2008) . Although PVAT secretes adipokines, their plasma concentrations are generally insufficient to provoke systemic vascular actions. This, in combination with proven ex vivo effects of PVAT (Figure 1 ), suggests that PVAT-derived adipokines work in a paracrine fashion, through outside-to-inside intercellular crosstalk. Apparently, this crosstalk is partly mediated by adiponectin, as has been shown by a number of studies (Eringa et al., 2007; Greenstein et al., 2009; Meijer et al., 2015) . For example, globular adiponectin elicits vasodilator responses similar to the effect of PVAT incubation on mouse muscle resistance arteries (Meijer et al., 2013; de Boer et al., 2016) . In obesity, reduced adiponectin release by PVAT is partially responsible for blunted vasodilatation in the muscle vasculature (Meijer et al., 2013) . Similarly, local adiponectin secretion from peri-coronary fat is relevant to myocardial perfusion in lean individuals (Date et al., 2006) (Figure 1 ). In conclusion, these data indicate PVAT as a promising candidate for explaining how impaired AT homeostasis affects vascular function.
PVAT and exercise. PVAT has been reported to release substances responsible for affecting vascular tone, and it seems that exercise contributes to this process. First, in obesity, the microarchitecture of PVAT is altered, and therefore, the secretion of vasodilator signals to the vascular wall is altered. In obese subjects with metabolic syndrome, increased adipocyte size accompanies the loss of the anticontractile effect of PVAT (Greenstein et al., 2009) . Similar findings were seen in healthy obese women, in which PVAT adipocyte size was statistically related to disturbed insulininduced muscle microvascular perfusion but not to body mass index (Meijer et al., 2015) . Exercise reduced body fat (i.e. reducing PVAT depots) and, at the same time, reducing PVAT inflammation (Lee et al., 2016) . In obese mice, chronic exercise limits adipocyte size and reduces CLS and inflammatory cell recruitment in mesenteric fat (Haczeyni et al., 2015) .
Changes in PVAT morphology and inflammation occur simultaneously and may be directly related. Infiltration of T cells and macrophages has been observed in periaortic AT in both obesity and atherosclerosis (Chatterjee et al., 2009) . Accumulation of T lymphocytes may provoke an increase of PVAT mass, via production of 15d-PGJ 2 (15-deoxy-Δ 12,14-PGJ 2 ) and activation of PPARγ (Feldon et al., 2006) . In subsequent studies, PPARγ was confirmed as crucial for the regulation of PVAT mass , since its deletion from PVAT precursor cells triggered a complete loss of PVAT, impaired thermoregulation and endothelial dysfunction (Figure 2 ).
Hypoxia might play a role in PVAT dysfunction (Bays, 2009) . In rat mesenteric artery segments exposed to hypoxia, the anti-contractile effect of PVAT was substantially attenuated (Greenstein et al., 2009) . In fact, inflammation seems to precede hypoxia, and the consequent alteration of the secretory profile might be worse in PVAT compared with other depots (Chatterjee et al., 2009) . After a period of hypoxia, incubation of rat mesenteric arteries with anti-TNF-α or anti-IL-6 antibody restored the anti-contractile ability lost by overexpression of these inflammatory markers (Greenstein et al., 2009) . Although exercise has antiinflammatory properties, its role on hypoxia-induced inflammation and free radical scavenging is still uncertain.
Collectively, these data provide evidence that exerciseinduced improvements on PVAT might be achieved through (1) improvements of PVAT morphology, (2) reduced recruitment of inflammatory cells and (3) enhanced secretion of vasodilators by PVAT.
Effects of exercise on inflammation in PVAT
Inflammation of AT is an important event for the development of vascular dysfunction, destabilization of atherosclerotic plaques and increased formation of pro-thrombotic products (Deanfield et al., 2007; Libby et al., 2009) . As mentioned above, macrophages, especially the M1 subclass, play a role in this process. A wide variety of macrophages have been characterized (Martinez and Gordon, 2014) , which can be broadly divided into two subsets: M1-macrophages with predominantly inflammatory features (Hirata et al., 2011) and M2-macrophages with a more immunosuppressive profile. Kranendonk and collaborators showed in patients undergoing surgery on their abdominal aorta that aortic PVAT presents a high secretion of inflammatory adipokines, such as CCL2, PAI-1 and resistin, even compared with visceral AT (Kranendonk et al., 2015) . This connection between vascular function and AT inflammation has also been observed in epicardial fat of coronary artery disease (Moncada and Higgs, 1993) patients. In these patients, epicardial AT showed high expression of inflammatory markers such as the M1 macrophage marker CD11c and CD68 and the cytokines IL-6, TNF-α and CCL2, compared with subcutaneous AT (Hirata et al., 2011) .
Exercise can be considered an anti-inflammatory treatment (Ruffino et al., 2016) . Firstly, exercise decreases body fat and adipocyte hypertrophy. By decreasing AT mass (Speretta et al., 2012) , exercise also decreases the number of inflammatory cells contained within the AT (Kawanishi et al., 2013) . Secondly, in moderately obese adults, chronic exercise reduces inflammatory markers (i.e. TNF-α, IL-6) and leptin in mesenteric AT (Jung et al., 2008; Fritzen et al., 2015) . Thirdly, even after a single bout of swimming, exercise was shown to improve insulin action and inflammation in the stromal vascular fraction (SVF) of AT (Oliveira et al., 2013) , which are the connective tissue cells of AT. One possible mechanism by which exercise may reduce PVAT inflammation is the down-regulation of tolllike receptor 4 (TLR4) expression on monocytes and macrophages (Gleeson et al., 2011) . Although not demonstrated in PVAT, this down-regulation reduces mRNA for TNF-α, IL-1β and CCL2 in gonadal AT (Oliveira et al., 2013) .
Furthermore, exercise diminishes the number of CD4+ and CD8+ T-cells in both SVF and splenocytes (Kawanishi et al., 2013) . Exercise effects on T cell populations and cytokine secretion may be mediated through increased catecholamine secretion (Alvarenga-Filho et al., 2016; Kruger et al., 2016) . High intensity interval training (Rao et al., 2014) in lean subjects increases the mobilization of the antiinflammatory regulatory T cells (Tregs) (Kruger et al., 2016) , as treatment of cultured human T-cells with catecholamine reduced their secretion of inflammatory cytokines (TNF-α, IL-6, IL-17, IL-21 and IL-22) (Alvarenga-Filho et al., 2016) . Furthermore, exercise prevents TCD4+ and TCD8+ apoptosis, by increasing telomere length and decreasing annexin V, a marker of apoptosis (Silva et al., 2016) . Further investigations are necessary to address how exercise modulates survival and T-cell subpopulations inside PVAT, as well as their cytokine release.
Exercise has been shown to induce a phenotype switch from M1-to M2-macrophages. In HFD-fed mice, regardless of effects on body fat, exercise decreases TNF-α, IL-6, the adhesion molecules ICAM1 and VCAM1, CD11c and TLR4 expression and increases expression of the M2 marker CD163 (Kawanishi et al., 2010) in gonadal AT. In another study, exercise prevented infiltration of M1-macrophages and reduced the total macrophage number in the stromal vascular fraction of 16 weeks HFD-fed mice (Kawanishi et al., 2013) . Nevertheless, similar questions need testing in PVAT as well.
Generally, resistance training (RT) changes body composition without alterations in body weight of both lean and obese subjects (Dias et al., 2015) . RT changes the vascular system in concert with alterations in body fat in obese/overweight patients. In both obese adolescents and in older men, RT improved endothelium-dependent vasodilatation after ACh (Dias et al., 2015) and increased femoral artery blood flow, microvascular blood flow and volume of the vastus lateralis muscle (Phillips et al., 2015) . However, data on the influence of different exercise characteristics (i.e. intensity and volume) on AT properties such as inflammation are scarce, and this relationship needs to be further elucidated.
Collectively, these data suggest that exercise prevents or attenuates infiltration of immune cells into PVAT, improving insulin sensitivity and vascular function.
Mechanisms of exercise-dependent control of adiponectin secretion by PVAT. Circulating adiponectin exerts pleiotropic control over genes that regulate plasma HDL and triglyceride levels (Cnop et al., 2003; Tschritter et al., 2003) , as plasma adiponectin is positively related to plasma levels of HDL and negatively correlated to those of triglyceride.
Exercise, alone (Bluher et al., 2006) or combined with a dietary intervention, (Esposito et al., 2003) increases adiponectin in obese subjects. Although exercise incorporated in weight loss programs showed the most favourable changes in adiponectin (Hara et al., 2005) , there are conflicting data concerning the effects of acute versus chronic exercise protocols (Simpson and Singh, 2008; Pop et al., 2010; Saunders et al., 2012) .
Exercise influences on PVAT physiology may be concomitantly mediated by three different tissues: PVAT, SKM and the blood vessels. Adiponectin released by PVAT acts on the vessel wall through up-regulation of AMP-activated kinase (AMPK) activity (depending on its α subunit) (Fentz et al., 2015) . Resistance arteries obtained from AMPKα2 À/À mice presented a blunted effect of PVAT on insulin-induced vasodilatation (Meijer et al., 2013) . Therefore, it is likely that exercise locally improves vascular function by increasing adiponectin secretion by PVAT, which acts directly on the vascular wall. By increasing expression of the intracellular mediators of adiponectin signalling (α1 and α2), exercise also increases NO bioavailability, ROS scavenging, reduces adhesion molecules and attenuates endothelial activation (Cao et al., 2012; Kroller-Schon et al., 2012) . Adiponectin also acts indirectly on the vascular endothelium, protecting it against inflammation by inhibiting lipid accumulation in macrophages (Ouchi et al., 2001) , promoting macrophage M2-polarization and attenuating TLR4-mediated activation of endothelial cells . Due to the heterogeneity of exercise regarding frequency, intensity and effects on body composition, a conclusion on how adiponectin is affected by exercise requires further investigation.
Exercise effects on metabolism of AT
In general, there are three types of AT: WAT , which stores fat and produces adipokines; brown adipose tissue (BAT) (Abate and Garg, 1995 ) that dissipates energy through heat, a function mediated by the uncoupling protein 1 (UCP-1); and 'beige' AT which, like BAT, has thermogenic functions and expresses UCP-1, albeit to a lesser extent. In humans, a higher number of brown/beige adipocytes are related to a metabolically healthy phenotype (Min et al., 2016) . In obesity, infiltration of macrophages into visceral AT is related to a reduction of the thermogenic capability of BAT (i.e. lower UCP-1 expression in BAT) (Xu et al., 2011) . Within the PVAT, loss of thermogenic activity decreased its antiatherogenic properties and endothelial effects . Notably, implantation of beige adipocytes in HFD-fed mice improved glucose tolerance, reduced liver steatosis and normalized adiponectin levels (Min et al., 2016) . Furthermore, angiogenesis-targeted nanoparticles (atNP) prevented BJP B C S Boa et al.
obesity in mice by promoting the transformation from white to beige adipocytes (Xue et al., 2016) , suggesting that previous angiogenesis is required for the 'beigeing' processes (De Matteis et al., 2013; Frontini et al., 2013; Disanzo and You, 2014) . Based on this information, atNPs could be used to target dysfunctional PVAT.
Nevertheless the process of browning or beigeing must be accompanied by vascularization, which is required to fulfil the increased oxygen demand of beige AT (Tran et al., 2012) . These events will involve the up-regulation of browningassociated genes (i.e. Ucp-1) and organelles (i.e. mitochondrial biogenesis). However, it is not fully clear whether exercise interacts with adipocytes through the vasculature, with the vasculature through PVAT, or with both.
Subsequently and concomitantly to the vascularization and perfusion of AT, there is the contribution of the CNS. BAT is more densely innervated than WAT (Lee and Tontonoz, 2014) . Therefore, sympathetic activity and perfusion will be two contributors of thermogenesis in BAT (Morrison and Nakamura, 2011) . In WAT, myokines and activation of natriuretic peptide receptors (NPR) mediate AT beigeing (Morrison and Nakamura, 2011) . Interestingly, it has been shown that PVAT is not only autonomically innervated but also expresses β 1 , β 2 and β 3 adrenoceptors (Bulloch and Daly, 2014) . Recently, electrical stimulation of murine mesenteric arteries showed functional effects of the sympathetic nervous system (SNS) activity on anti-contractile properties of PVAT. SNS determines anti-contractile properties of PVAT by triggering the release of vasodilators upon adrenergic stimulation (Saxton et al., 2016) . Moreover, exercise increases the production of NO, which synergistically interacts with adrenaline to trigger the expression of NPR and β-adrenoceptors. Thermogenesis will be stimulated with increased expression of BAT-related genes such as Ucp-1. By increasing BAT-sites inside WAT, and enhancing intrinsic thermogenesis of BAT, obesity development is prevented, as lipid and carbohydrate metabolism is modulated in HFD-mice (Zed and James, 1986; Wijers et al., 2011) .
In addition to direct SNS effects, exercise-induced AT browning may occur through autonomic stimulation of the release of browning-related myokines, such as irisin and FGF-21, which will be discussed below. Both chronic voluntary wheel exercise (Jenkins et al., 2013) and swimming (Sutherland et al., 2009) , in rats, increase expression of NPRs, β 2 and β 3 adrenoceptors and mitochondrial genes, such as those for PPARγ co-activator 1 α (PGC1-α) and citrate synthase (mRNA and protein) in WAT. Nevertheless, conflicting data have been obtained in gonadal and retroperitoneal fat, suggesting different responses to exercise stimuli in different fat depots (Sutherland et al., 2009; Jenkins et al., 2013) . For instance, chronic exercise increased Ucp-1 gene expression in abdominal subcutaneous AT, but not in retroperitoneal and gonadal fat pads (Wu et al., 2014) . In a study on the full genome DNA of thoracic aortic PVAT and BAT, the first had a brown-like phenotype, as expression of uniquely BAT genes was identical in BAT (Fitzgibbons et al., 2011) . This phenotype provided protection against inflammation, which was lower after HFD.
Aerobic exercise (1 or 6 weeks) in Sprague Dawley rats increased sympathetic noradrenergic tone, a more uniform distribution of lipid droplets and a more intense labelling of UCP-1 in brown adipocytes, regardless of the duration of exercise (De Matteis et al., 2013) . Interestingly, exercise increased sympathetic tone in BAT in a time-dependent fashion, as 6 week exercised rats showed more tyrosine hydroxylase-positive fibres and capillaries per adipocyte and a lower average size of lipid droplets compared with 1 week exercised rats.
Another exercise-related stimulus of adipocyte browning is the protein, PR domain-containing 16 (PRDM16). PRDM16 acts as a transcriptional cofactor, which is present in SKM and in both white and BATs (Seale et al., 2011) . It controls a bidirectional cell fate switch between skeletal myoblasts and brown adipocytes (Seale et al., 2008) and participates in brown adipogenesis by binding and activating PPARγ. This feature was proven in PRDM16 knockout mice, which displayed not only an abnormal brown fat tissue morphology but also completely ablated gene expression of several BAT-specific genes (i.e. Ucp-1, Cidea and Cig30) (Seale et al., 2008) . PRDM16 is up-regulated by exercise and becomes more expressed during the transformation from white to brown-like adipocytes in the mesentery (Xu et al., 2011) . Nonetheless, further investigations that elucidate the role of PRDM16 in exercise-induced browning are important.
Local control of exercise on AT: myokines
As mentioned in the previous section, exercise alters AT physiology centrally through the CNS and locally through myokine secretion by muscles. Myokines are bioactive molecules released by contracting muscles, which mediate exercise-induced metabolic alterations in organs such as the AT (Pedersen et al., 2007) . Here, we will discuss some important myokines, such as irisin, meteorin-like (metrnl), FGF21, IL-15 and the classical myokine IL-6 to discuss their effects on AT physiology. The summarized findings of myokines studies on AT physiology discussed here, are shown in Table 1 .
Browning myokines
Irisin and meteorin-like (metrnl). Irisin is a hormone secreted by SKM that has been proposed as a novel preventive and therapeutic target for obesity and type 2 diabetes. It has been linked to browning and increased thermogenesis of AT (Bostrom et al., 2012) , being induced by PGC1-α (Kim et al., 2016) . However, inconsistent data concerning serum concentrations of irisin in human studies and incompatibility with rodent data are required to elucidate its physiological role (Albrecht et al., 2015) . First, the starting codon from the human gene encoding irisin, FNDC5 (ATG to ATA), is different between humans and rodents. As there may be transcription of a different protein, there are doubts concerning the translational value of rodent evidence to human physiology (Bostrom et al., 2012) . Both in vitro and in vivo data from mice have shown that irisin increases UCP-1. Secondly, effects of exercise on irisin levels are quite variable. Acute exercise interventions normally increase the levels of irisin, whereas the effects of chronic exercise vary between neutral and increased irisin (Albrecht et al., 2015; Kim et al., 2016) . Interestingly, irisin levels are negatively related to key muscle metabolites (i.e. ATP) after a chronic exercise, suggesting that altered muscle metabolism triggers irisin secretion (Huh et al., 2012) .
Initially irisin was proposed to enhance metabolism. However, serum levels of irisin were negatively associated with adiponectin in subjects with metabolic syndrome, while being positively related to body mass index, blood pressure and fasting glucose (Park et al., 2013) . These results reinforce the inconsistency between human and rodent data.
Collectively, the data show that irisin increases after exercise, is linked to browning of AT, increases energy expenditure (Bostrom et al., 2012) and is associated with improvements of vascular function and insulin sensitivity in mice (Jiang et al., 2015; Lu et al., 2015) . Nonetheless, clarification of the regulatory mechanisms of irisin levels and its physiological consequences in obese and lean human subjects are questions to future interventional studies.
Metrnl is a novel myokine, with features similar to those of irisin. Although studies on effects of exercise on metrnl are scarce, resistance exercise and cold stimuli are likely to upregulate metrnl (Lee and Tontonoz, 2014) . Metrnl can incite the browning process in adipocytes but it may act indirectly through enhancing the number of eosinophils in AT. Recent reports showed that overexpression of metrnl is associated with eosinophil accumulation in the AT (Lee and Tontonoz, 2014) , and observations in mice suggest that these cells are required for metrnl-mediated browning (Rao et al., 2014) . Metrnl induces the overexpression and secretion of type II cytokines IL-4 and IL-13 by eosinophils (Qiu et al., 2014) , which in turn activate the cascade of alternative-activated macrophages (M2-), responsible for the secretion of catecholamine that promotes browning (Rao et al., 2014) . Nevertheless, further studies in humans and mice are required to establish metrnl as an AT 'browning' myokine.
Other myokines FGF21. Fibroblast growth factor 21 (FGF21) is mainly produced by the liver (Nishimura et al., 2000) and acts as a nutrient stress sensor (Zhang et al., 2015) that regulates the metabolism of carbohydrates and lipids. Changes in the level of FGF21 are related to insulin resistance, glucose intolerance and dyslipidemia (Coskun et al., 2008) . Muscle production of FGF21 is regulated by insulin via the PI3kinase-Akt pathway (Izumiya et al., 2008) . In young subjects, hyperinsulinaemia increases both plasma FGF21 and its mRNA in SKM (Hojman et al., 2009 ). FGF21 acts through the βKlotho co-receptor (βKR), which is strongly expressed in AT, but not in SKM (Ogawa et al., 2007) . Overexpression of βKR in the AT protected mice against diet-induced obesity and preserved insulin sensitivity (Samms et al., 2016) . Consistent with a role in exercise effects, FGF21 treatment prevented weight gain, enhanced fat excretion and energy expenditure, thus decreasing insulin levels and fat mass, all in a dose-dependent fashion in db/db and obese mice (Coskun et al., 2008) .
On the other hand, AT-derived FGF21 might be implicated in CVD, as it was positively associated with cardiometabolic risk factors, increased intima-media thickness on both carotid and iliac arteries, high levels of C-reactive protein, dysglycaemia, dyslipidaemia and decreased adiponectin levels (Chow et al., 2013; Xiao et al., 2015) . These apparently conflicting findings on different tissue sources of FGF-21 indicate the existence of tissue-specific physiological functions of FGF21, which require further investigation.
Acute exercise is the most used intervention for raising FGF21 and indeed increases serum FGF21 in both healthy humans and mice (Cuevas-Ramos et al., 2012) , in addition to increased expression in SKM and liver (Kim et al., 2013b; Tanimura et al., 2016) . Nevertheless, acute exercise does not increase FGF21 levels in either obese subjects (Slusher et al., 2015) or patients with type 2 diabetic (Hansen et al., 2016) . Therefore, chronic studies are necessary to elucidate whether FGF21 expression and circulatory levels might be upregulated in obese and diabetic subjects.
Similar to the myokines mentioned above, FGF21 enhances the thermogenic capacity of the AT by switching on a brown-fat gene programme in WAT (Lee et al., 2013) . In BAT-positive men, incubation of primary adipocytes from the neck with FGF21, increased BAT markers (i.e. UCP1 protein), oxygen consumption and infrared thermogenic images in a dose-dependent manner . Moreover, BAT was an important source of FGF21 in men. Intriguingly, these effects were more robust during co-incubation with irisin, suggesting a synergetic action of FGF21 and irisin on WAT browning. Additionally, the correlation between serum FGF21 and sympathetic nervous system activity supports a role of this protein as an exercise-activated enhancer of whole-body thermogenesis (Cuevas-Ramos et al., 2012; Lee et al., 2013) .
Together, these findings demonstrate FGF21 is a potential druggable target for obesity and diabetes. However, incomplete knowledge of its intracellular signalling pathways and tissue-specific effects require studies to discriminate FGF21 actions on AT, muscle and liver.
IL-15. IL-15 is a cytokine that supports survival and proliferation of T lymphocytes (Grabstein et al., 1994) . The plasma membrane receptor for IL-15 is a trimer and this receptor is distributed throughout the body. It is composed of IL-2 receptor β (IL-2Rβ), a common γ chain (γc), and a specific IL-15Rα chain (Giri et al., 1995) . Interestingly, IL-15 is found in abundance in SKM, but at very low levels in the AT (Pistilli et al., 2011) . Additionally, it has been suggested that the α subunit of IL-15 receptor (IL-15Rα) regulates IL-15 release from SKM (O'Connell and Pistilli, 2015) . Paradoxically, lack of the α-receptor (IL-15Rα À/À mice) increased IL-15 serum levels and at the same time driving a change in SKM to an oxidative phenotype (Pistilli et al., 2011; Quinn et al., 2014) . These mice show increased activity and exercise endurance, accompanied by molecular (i.e. increased mRNA from Pgc-1α and citrate synthase) and morphological signs (i.e. increased fibre number and singlefibre area) of a beneficial change in muscle phenotype. Although IL-15 is considered a pro-inflammatory cytokine, the fact that its circulating levels are negatively related to obesity, WAT mass and type 2 diabetes is also consistent with a role as a myokine (Quinn et al., 2009) . Moreover, both endurance training in Zucker rats (Kim et al., 2013a) and RT in controls and athletes increased circulating IL-15 levels (Bazgir et al., 2015) . In both cases, exercise was negatively related to body fat and inflammatory markers.
Nevertheless, data from knockout models show the necessity of further studies concerning the differential action of IL-15 on AT. For instance, IL-15Rα À/À mice display an obesity-resistant phenotype, with less body and liver fat BJP B C S Boa et al. accumulation (Loro et al., 2015) . It seems that these effects of IL-15 result from increased whole-body energy metabolism, as IL-15Rα À/À mice display increased oxygen consumption and utilization of muscle fatty acids (He et al., 2010) . These data were corroborated by findings that IL-15 À/À mice presented decreased lipid accumulation in both white and BAT depots (Lacraz et al., 2016) . The effects of IL-15 on vascular health are not known at present, but in vitro data showed that IL-15 treatment of 3T3-L1 pre-adipocytes increased adiponectin production (Quinn et al., 2005) , an important contributor to the anticontractile properties of PVAT (as already discussed). On the other hand, intravenous injections of IL-15 provoked vasoconstriction in larger order arterioles (A1 and A2) in the microvascular bed of the cremaster muscle (Baker and Abel, 1995) .
In conclusion, IL-15 seems promising as a therapeutic approach not only to chronic diseases, such as obesity and type 2 diabetes, but also to improvements of muscle function. However, further investigations on metabolic and molecular changes linked to the expression of the IL15 receptor α are necessary.
IL-6. In most physiological circumstances, IL-6 is a proinflammatory adipokine, which is abundantly secreted by PVAT, compared with retroperitoneal and subcutaneous fat (Gonzalez et al., 2016) . IL-6 is a mediator of inflammation and therefore related to AT dysfunction (Bays et al., 2009) . Circulating IL-6 levels are related to vascular dysfunction in men (Esposito et al., 2003) , and IL-6 is primarily viewed as an indirect mediator of vascular inflammation (Yudkin et al., 2000) . IL-6 levels are positively related to other inflammatory factors such as C-reactive protein (Yudkin et al., 2000) and TNF-α, which in turn are involved in endothelial dysfunction. IL-6 derived from aortic PVAT is related to arterial stiffness in mice (Du et al., 2015) . Nevertheless, there is no solid evidence at present pointing to IL-6 itself as a major cause of vascular injury.
On the other hand, Pedersen and collaborators have shown an endocrine role of IL-6 in active muscles, as part of the group of myokines (Pedersen et al., 2007) . Circulating levels of IL-6 are among the most markedly increased myokines during exercise (Pedersen and Febbraio, 2008) , and muscle-derived IL-6 increased insulin sensitivity, metabolism and triggered muscle hypertrophy (Pedersen and Febbraio, 2008) . In muscle-specific IL-6 knockout mice, there was decreased GLUT4 protein content in WAT and more inguinal WAT after HFD (Knudsen et al., 2015) . These data strongly indicate that SKM IL-6 exerts positive effects on WAT metabolism (Knudsen et al., 2015) . Further investigations are crucial to differentiate between physiological effects of IL-6 derived from AT and that derived from muscle. 
Future perspectives and conclusions
In the context of worldwide obesity, there is strong evidence that the properties of AT determine vascular health. Specifically, PVAT produces vasoactive substances that can either impair or improve vascular function. In obesity, AT homeostasis is greatly changed, and exercise has been shown to normalize this process. Despite a number of unanswered questions, muscle-derived hormones might be one group of substances holding great promise for future therapy. Therefore, goals for future research are first to perform careful analysis to separate effects mediated by muscle-and AT-derived hormones, secondly, to further characterize specific myokine effects on human physiology and, finally, to clarify the effects of exercise on different AT depots.
Figure 2
Signalling pathways involved in dysfunction of AT and effects of exercise. HFD feeding and a sedentary lifestyle change AT morphology, such as adipocyte hypertrophy and hyperplasia. Subsequently, AT shows hypoperfusion, inflammation and remodelling, with consequent inflammatory cell infiltration and abnormal secretion of inflammatory adipokines. Exercise exerts an anti-inflammatory effect on dysfunctional AT. It activates the CNS and stimulates release of myokines, resulting in a reduced AT mass and an improved functional and metabolic phenotype. βAR, β-adrenoceptors.
